Introduction
============

It is now generally accepted that the cross-talk between tumor cells and non-transformed host cells, including tumor-infiltrating immune cells, mediates tumor persistence and growth.[@R1]^,^[@R2] While the molecular and cellular details of this interaction vary with tumor type,[@R3]^-^[@R7] the presence of immune cell infiltrates is a hallmark of most solid neoplasms. The interactions at the cellular level are complex, with host cells either actively promoting angiogenesis, invasion and metastasis,[@R8]^-^[@R13] or mediating tumor destruction in response to appropriate activation stimuli and hence increasing patient survival[@R14]^,^[@R15] The importance of a precise understanding of these interactions is underscored by several studies exploring the correlation between the extent of tumor infiltration by discrete subsets of leukocytes and prognosis,[@R8]^,^[@R16]^,^[@R17] as well as by the potential to treat cancer by altering the balance of cells exerting pro-and anti-cancer functions.

Although the link between inflammation and cancer has been known for some time,[@R13]^,^[@R18] recent advances in cancer imaging have exploited specific aspects of inflammation in the tumor microenvironment. A number of imaging modalities and technologies have been used to differentiate tumors from normal host tissues. Optical measurements using near infrared (NIR) fluorescent probes constitute one popular imaging method, due to the availability, accessibility and speed of in vivo assessments. However, image interpretation, signal quantification and the extension of the approach beyond small animals are difficult, in particular for non-surface oriented disease models, due to the poor tissue penetration of both the excitation source and the emitted signal.[@R19] To overcome this limitation, a second reporter for tissue depth-independent imaging, typically magnetic resonance imaging (MRI), can be coupled to the probe. Optical moieties coupled with gadolinium or iron oxide nanoparticles have proven to be useful for the detection of cell infiltration in various models, including solid tumors.[@R20] However, the usefulness of these probes is generally limited by the fact that metal-ion contrast agents only alter the MRI contrast and do not provide positive signal alone.[@R21] Thus, pre- and post-contrast scans are generally required for image interpretation and quantification can be challenging.[@R22] ^19^F MRI, however, detects the signal from fluorine nuclei in the probes themselves, is specific due to the paucity of native fluorine, and is not limited by tissue depth.[@R23]^,^[@R24] Several studies[@R25]^-^[@R33] have recently used perfluorocarbon (PFC) nanoemulsions and ^19^F MRI to image inflammation in a number of disease models, indicating that these systems can provide sufficient signal for detection of immune cell infiltration. In these studies, the ^19^F imaging agent was correlated with,[@R34] and found in,[@R30] macrophages present at the inflammatory site. Also, ^19^F nuclear magnetic resonance (NMR) spectroscopy can be used to quantify the fluorine content in intact, excised tissues,[@R34] allowing for straightforward biodistribution measurements that are not easily achievable with metal-ion contrast agents.

Here, we report proof-of-principle experiments based on a novel PFC-NIR dual-mode agent for the in vivo detection of inflammation-associated cells found within the tumor microenvironment. This formulation adds NIR imaging capabilities to a ^19^F MRI contrast agent previously found to accumulate within macrophages at sites of inflammation.[@R30]^,^[@R34] To our knowledge, this is the first report of a ^19^F MRI/optical dual-mode agent applied to the in vivo imaging of inflammation-associated cellular response in a tumor model. In this study, tumor infiltrating cells with a phenotype consistent with myeloid-derived suppressor cells (MDSCs) represented the predominate fraction of cells labeled by the PFC-NIR agent in situ, providing a means of non-invasively imaging these cells. The results presented here confirm that the two imaging modalities contain the same, pertinent information on inflammation at the tumor site and enable both straightforward optical monitoring and sensitive NMR quantification. Overall, contrast agents of this type, either delivered separately or in the same formulation, will be important in the evaluation of changes in the tumor microenvironment upon therapy.

Results
=======

A dual-mode PFC-NIR probe was formulated to enable the detection of inflammatory cells in vivo by MRI and optical imaging. The fluorescence excitation/emission and the correlation between optical and ^19^F NMR acquired signals are shown in [Figure 1A and B](#F1){ref-type="fig"}, while [Figure 1C and D](#F1){ref-type="fig"} display the characterization of reagent particle size and serum stability. The z-average particle size was 145 ± 5 nm (n = 5) after manufacture, with a polydispersity index (PDI) of 0.09 ± 0.01. The nanoemulsion remained dispersed for more than 6 mo, with a slight increase in average particle size (15% over 6 mo), though the size distribution remained uniform and sharply peaked (PDI \< 0.1). A small increase in particle size was observed upon incubation in serum, but the emulsion remained well-dispersed and without large (\> 1 μm) agglomerates investigated through visual microscopy (data not shown).

![**Figure 1.** Characterization of the PFC-NIR nanoemulsion. **(A)** Normalized excitation and emission intensity as a function of wavelength for the PFC-NIR nanoemulsion. **(B)**^19^F content measured by NMR spectroscopy as compared with fluorescence intensity of the dual-mode agent. **(C)** Dynamic light scattering (DLS) of the contrast agent particle size measured over time for three different storage temperatures. **(D)** Effect of serum-containing media on the short-term stability of the emulsion as measured by DLS. Error bars represent the standard deviation of triplicate measurements.](onci-2-e23034-g1){#F1}

To determine whether the PFC-NIR probe could enable visualization of the tumor site, tumor-bearing and naïve control mice were given bolus i.v. injection and then followed by in vivo optical imaging over time. [Figure 2A](#F2){ref-type="fig"} displays a typical time-course of NIR images starting just prior to, immediately following, and up to 72 hours post-administration for healthy and tumor bearing animals. The tumors were detectable approximately six hours post-inoculation. No NIR signal was detected in the same region of control animals or on the contralateral flank of tumor-bearing mice. A NIR signal was also detected in the abdomen (liver and spleen, see below), in both healthy and 4T1-derived tumor-bearing mice by two hours post-inoculation. The analysis of the integrated signal ([Fig. 2B](#F2){ref-type="fig"}) revealed a rapid accumulation of the probe in the liver (and spleen) and no discernible difference in early kinetics between tumor-bearing and healthy control animals, although the signal appeared to decrease more rapidly in control mice. The uptake of the probe by the tumor was slower and plateaued at a later time point than that by the liver.

![**Figure 2.** In vivo optical imaging of tumor-associated inflammation. **(A)** Typical time-course of live, whole body NIR imaging just prior to and up to 72 h after, the administration of the contrast agent in a naive tumor-free control (top) and 4T1 cell-derived tumor-bearing mouse (bottom). Far-right inserts define areas used for signal analysis. **(B)** From left to right, signal (*I*) in the livers of tumor-free mice, the livers of 4T1-bearing mice and in tumors as obtained by serial measurements over time. Time zero signals (*I~0~*) were used to define background and were subtracted from data. Bold lines denote cohort average, error bars are standard deviation, and shaded lines denote individual mice.](onci-2-e23034-g2){#F2}

Because tumor detection by PFC-based agents is thought to result from the accumulation of PFC in macrophages,[@R30]^,^[@R34]^,^[@R35] we tested whether macrophages could be labeled with our PFC-NIR compound in vitro. To this aim, murine RAW 264.7 macrophages were cultured with increasing doses of the PFC-NIR probe and uptake was assessed with flow cytometry ([Fig. 3A](#F3){ref-type="fig"}). RAW 264.7 cells showed a time-dependent uptake of the contrast agent ([Fig. 3B](#F3){ref-type="fig"}), while minimal uptake was observed with 4T1 cells (also confirmed by ^19^F NMR spectroscopy, data not shown). Although other PFC agents have not been associated with toxicity to labeled cells[@R36]^,^[@R37] and no adverse effects have been found upon systemic administration, the safety of the PFC-NIR probe was nonetheless evaluated in vitro. The effect of the probe on labeled cells was measured using Trypan blue exclusion and flow cytometry with calcein AM and 7-aminoactinomycin D (7-AAD). A slight decrease in the viability and a modest increase in the apoptotic rate of RAW 264.7 cells was observed with increasing doses of the contrast agent, although we detected no overt toxicity on animals during in vivo studies. These results suggest that host phagocytes, recruited to the tumor microenvironment, rather than 4T1 cancer cells, are likely to represent the cellular reservoir of PFC-NIR probe at the tumor site.

![**Figure 3.** In vitro cellular uptake of the PFC-NIR agent. **(A)** Representative histogram of PFC-NIR detection in RAW 264.7 cells incubated with the PFC-NIR agent for 3 h (dashed line) or 18 h (solid line), as compared with untreated control cells (shaded histogram). **(B)** Label uptake by RAW 264.7 cells (closed bars) and 4T1 cells (open bars) incubated with the PFC-NIR probe over time as measured by flow cytometry. **(C, D)** Viability of RAW 264.7 cells after treatment with increasing amounts of the PFC-NIR agent for 18 h, as measured by Trypan blue exclusion **(C)** or cytofluorometric analysis of calcein AM and 7-aminoactinomycin D (7-AAD) **(D)**. Results in **(D)** represent the average frequency of cells labeled with either calcein AM (live), 7-AAD (dead) or both (apoptotic), and error bars represent standard deviation of mean of duplicate samples.](onci-2-e23034-g3){#F3}

To validate and further quantify in vivo NIR measurements, tumors were excised and analyzed ex vivo. The biodistribution of the probe in excised organs was analyzed by both NIR analysis and ^19^F NMR, to confirm the source of in vivo fluorescent signal in the abdomen ([Fig. 4](#F4){ref-type="fig"}). A strong signal was observed in the tumor. Only the signals from the liver and spleen were higher than that from the tumor. This is not unexpected, as the PFC reagent is expected to be cleared from the blood via the reticuloendothelial system (RES).[@R38]^-^[@R40] The two measurement techniques exhibited a good correlation (R = 0.86, [Fig. 4C](#F4){ref-type="fig"}), even after 72 h in vivo, implying that the fluorescent and PFC moieties of the contrast agent remain in close proximity. There appeared to be a slight tissue-dependent effect on the optical signal emanating from the lungs and spleen. The NIR signal was somewhat higher in the lung and lower in the spleen than that predicted by the correlation to ^19^F NMR measurements in other tissues.

![**Figure 4.** Ex vivo PFC-NIR measurements by NMR and fluorescence correlate and reflect in vivo imaging observations**. (A)** NIR images of excised tumors and other organs were obtained72 h post-administration of the PFC-NIR agent. Quantitative data of the optical signal, normalized by tissue weight, are shown for individual tissues isolated from tumor-bearing (open bars) or control animals (closed bars) (n = 3 per tissue). Error bars represent the standard deviation. **(B)** A representative NMR spectrum of an excised tumor analyzed in the presence of a chemically shifted reference compound is shown. The signal from the probe in the tissue is spectrally well separated from the reference compound, and the comparison of the intensities of the two signals yields the relative amount of ^19^F per tissue. Quantitative data of the NMR signal, normalized by tissue weight, are shown for individual tissues isolated from tumor-bearing (open bars) or control animals (closed bars) (n = 3 per tissue). Error bars represent the standard deviation. **(C)** Correlation of fluorescent optical and NMR signals of individual tissues (obtained from both control and tumor-bearing animals), plotted on a log scale.](onci-2-e23034-g4){#F4}

To assess the ability of the PFC-NIR probe to be used with MRI, one control mouse and one tumor-bearing mouse were imaged by in vivo fluorescence and then examined by ^19^F MRI at 7 Tesla ([Fig. 5A-C](#F5){ref-type="fig"}). Both imaging modalities similarly detected the probe in the liver, spleen and tumor. MRI revealed that the inflammatory signal resided in the periphery of the tumor ([Fig. 5C](#F5){ref-type="fig"} and [**Video S1**](#SUP1){ref-type="supplementary-material"}).

![**Figure 5.** Correspondence of MRI and optical signal differs in the resolution obtained in the distribution of the contrast agent in the tumor. **(A and B)** Images obtained 72 h after the administration of the contrast agent are shown for control **(A)** and tumor-bearing **(B)** mice. In panels (**A and B**), optical image are provided on the left, while MRI overlays (^1^H/^19^F) are depicted on the right. ^19^F images collected as a coronal projection were rendered in pseudo-color (hot-iron scale), and only pixels containing the ^19^F signal were selected and overlaid on a 2 mm slice of a ^1^H anatomical pilot image. As the optical image was acquired in the opposite orientation, it was reflected along the x-axis so that the tumor can be observed on the same side of the mouse. **(C)** Consecutive 0.5-mm thick ^19^F/^1^H MRI composite images rendered from 3D data sets anterior to posterior coronal views, shown from top to bottom. Only the region containing the tumor is shown and the ^19^F signal is overlayed on the corresponding anatomical slice.](onci-2-e23034-g5){#F5}

To identify the cellular reservoir for the PFC contrast agent within the tumor microenvironment, 4T1 cell-derived tumor-bearing animals were administered a commixture of PFC-NIR and VS-580H-DM Red (subsequently referred to as PFC-Red in the text), enabling confocal fluorescence microscopy and cytofluorometric analysis. Seventy-two hours later, tumors were resected and cryopreserved, and a portion of each lesion was enzymatically and mechanically digested to prepare single-cell suspensions for flow cytometry. In each case, antibodies recognizing CD11b, Gr-1 and F4/80 were employed to identify the cellular subsets that had taken up the contrast agent. As shown in [Figure 6](#F6){ref-type="fig"}, cells with a phenotype consistent with that of myeloid-derived suppressor cells (MDSCs, CD11b^+^F4/80^low^Gr-1^low^) represented the main cell population labeled with the contrast agent at the tumor site.

![**Figure 6.** PFC probe within tumor infiltrates is retained in cells with a myeloid-derived suppressor cell-like phenotype (CD11b^+^F480^low^Gr-1^low^). **(A and B)** Tumor-bearing mice were administered with the PFC-NIR agent and an equivalent dose of PFC-Red, containing a red fluorescent moiety. After 72 h and confirmatory in vivo imaging of the NIR signal, animals were sacrificed and tumors were isolated for further analysis. Single-cell suspensions obtained from tumors were labeled with antibodies specific CD11b, Gr-1 and F4/80. **(A)** Average frequencies of cells expressing the indicated markers in tumor extracts, error bars represent the standard deviation. **(B)** Average frequency of Gr-1^+^, F4/80^+^ or CD11b^+^ cells containing the PFC-Red label. **(C)** Evaluation of cell populations obtained from tumors in control animals (no contrast agent, gated on live cells by forward and side scatter) or contrast agent-treated animals (gated on live, PFC-Red^+^ cells) using multicolor flow cytometry. One representative tumor isolate for each group is shown. The cellular populations of contrast agent-treated animals gated on live cells only were similar to those observed in animals not receiving the contrast agent.](onci-2-e23034-g6){#F6}

To confirm that the PFC probe resided within cells at the tumor site, the cryopreserved portion of each tumor was evaluated with confocal microscopy. [Figure 7](#F7){ref-type="fig"} displays typical images of tumor sections, revealing the localization of the PFC-Red signal within cells, rather than to the interstitial space. Our results hence indicate that the PFC probe accumulate at the tumor site within MDSC-like cells.

![**Figure 7.** The PFC probe is located within cells at the tumor site. **(A--C)** Confocal microscopy was performed on portions of the tumors examined in [Figure 6](#F6){ref-type="fig"}. Evaluation of samples was performed directly after cryosectioning and mounting **(A)** or mounting with gelvatol **(B)**, to prevent any potential loss of the probe from tissue sections. In **(C)**, Hoechst 33342 was added to stain nuclei and aid in the visualization of cells. Each image represents merged overlays of the PFC-Red on DiC **(A and B)** or Hoechst 33342 **(C)**. All photomicrographs were taken with a 20X objective.](onci-2-e23034-g7){#F7}

Discussion
==========

This work employs a nanoemulsion probe known to accrue at sites of inflammation,[@R30]^,^[@R34] loaded with two imaging moieties: a PFC moiety optimized for MRI and an NIR dye for in vivo fluorescence assessments. To the best of our knowledge, this work is the first to employ ^19^F MRI and optical imaging techniques to detect inflammation-associated cells in a tumor model. The main result of this work is that our reagent, which was designed for the in situ uptake by cells involved in the inflammatory response, can be used to non-invasively image the tumor microenvironment. Tumors are indeed specifically labeled via tumor-infiltrating host cells.

Fluorescence-coupled iron oxide nanoparticles, which also label phagocytic cells of the immune system, have been used to study the tumor microenvironment. A mix of microscopic (cellular resolution) and whole-animal imaging methods were used to investigate the distribution of the reagent,[@R41]^,^[@R42] the route of accumulation at the tumor site,[@R43] and examples of the complex interplay between host and tumor cells.[@R44]^,^[@R45] The optical imaging of an unrelated, integrin-targeting PFC-NIR formulation has previously been used to study tumor vasculature.[@R46] Fluorine-based MRI has also previously been used to investigate tumors, but a microscopic evaluation of the cellular distribution of the reagent was not performed.[@R47] The magnetic relaxation of some PFCs is sensitive to the oxygen content of surrounding tissue, and several investigators have studied oxygen content within the tumor in a non-invasive fashion.[@R48]^-^[@R51] Changes in the tumor vasculature have also been studied using ^19^F MRI.[@R52]^,^[@R53] Here, through the inclusion of an optical moiety in a ^19^F MRI probe,[@R25]^-^[@R34] information at both the cellular and systemic levels was obtained.

The MRI and optical measurements correlated very well, and the benefits of using both measurements can be discerned by the data presented here. Indeed, whole-body optical measurements, while being rapid and relatively straightforward, lack the level of detail, the precise quantitative nature and the tissue-depth independence of MRI images. While advances in optical imaging have increased the attainable level of details and have allowed for the tomographic computation of three-dimensional images, the scarce penetration of light into tissue remains a consistent limit to this approach. As determined ex vivo, with harvested tissues that were imaged directly in the light path, overall measurements obtained with ^19^F NMR and fluorescence correlate rather well (R = 0.86). However, some extent of tissue-dependence can still be observed. The demonstrated advantage of incorporating MRI mainly resides in the observation of a specific ^19^F signal localized at the margin of the tumor. We hypothesize that this may represent the invasive front of the growing tumor, where inflammatory cells are particularly active as they are involved in stromal remodeling. Indeed, in some highly invasive tumors, large numbers of Gr-1^+^CD11b^+^ cells, secreting the pro-invasive factor cathepsin B, are found at the leading edge of tumor margins.[@R54] Alternatively, such areas of intense signal could represent regions of intense cell trafficking from the vasculature.

A weakness of this study is that ^19^F NMR and ^19^F MRI assessments were only conducted as end-point determinations, while optical imaging was performed in a kinetic fashion. However, the strong correlation observed between the two data sets at the end point suggests that data obtained by detecting the ^19^F portion of the probe at earlier time points would be similar to those acquired by optical detection and also lends confidence to the integrity of the reagent in vivo. Moreover, while this dual-mode agent is likely to enable the detection of other tumor types at various anatomical locations, the precise cellular reservoir of the probe in such settings should be confirmed, as multiple myeloid cell types display a robust phagocytic activity and our label is not specific for MDSCs. Future studies will include the development of a targeted reagent to label specific cell populations.[@R55] While previous reports have demonstrated the accumulation of similar PFC contrast agents in macrophages,[@R30]^,^[@R32]^,^[@R34] we observed a relatively low number of mature, F4/80^high^ macrophages within the tumor microenvironment. In addition, in vitro experiments showed that tumor cells take up very little of the probe, while phagocytes are highly labeled. Attempts to analyze the uptake of the PFC-NIR agent in cell subsets by immunofluorescence was not possible, as the probe is sensitive to common reagents used in the processing of cryosections and paraffin-embedded sections (data not shown). As such, a triple-labeled probe, containing both a visible and a NIR moiety was used to investigate the distribution of the reagent at the tumor site. Fluorescent confocal microscopy revealed the localization of the probe within cells in the tumor microenvironment. The evaluation of single-cell suspensions with flow cytometry revealed that the cells in which our probe preferentially accumulate exhibit a MDSC-like phenotype. Although functional test were not conducted on labeled cells in this study, MDSCs have been previously observed in association with murine breast carcinomas including 4T1-derived lesions, as well as in human breast carcinoma patients.[@R56]^-^[@R60] MDSCs can be evoked during inflammatory responses to cancer,[@R61]^,^[@R62] contribute to the evasion of immunosurveillance,[@R63] have been associated with breast cancer progression,[@R60] and are being investigated as novel therapeutic targets.[@R59]

The existence of a method for non-invasively imaging cells involved in the host inflammatory response to tumors might facilitate the study of anti-inflammatory drugs as tumor-suppressing agents. Alternatively, this dual-mode contrast probe might be combined to therapeutic agents to specifically target MDSC-like cells in the tumor microenvironment while providing a means for monitoring the delivery of the drug and the therapeutic response.[@R64]

Conclusions
===========

Here, we have shown a novel dual-mode imaging agent that allowed for the rapid and straightforward NIR detection as well as for the quantitative three-dimensional visualization by MRI of MDSC-like cells in the tumor microenvironment in vivo. Inflammation-associated tumor-infiltrating cells were detectable well above the noise in NIR, NMR and MRI modalities and the uptake of the reagent in non-RES organs was minimal. This dual-mode probe has great potential to serve as a surrogate marker for the presence of cellular infiltrates that are important in the interplay between tumor and host cells. Future studies may develop the use of ^19^F MRI and NIR spectroscopy to monitor changes in the tumor inflammatory milieu in vivo, for instance in response to therapeutic interventions that target immunoevasion.

Materials and Methods
=====================

Contrast agent characterization
-------------------------------

The PFC-NIR agent was developed as a NIR fluorescent version of the commercially available V-Sense 580H (Celsense, Inc.), a sterile ^19^F MRI contrast agent. PFC-NIR incorporates an optical probe (excitation max 750 nm, emission max 780 nm) and is stored at 2--8 °C. In some studies, VS-580H-DM Red, which incorporates a red fluorescent dye (excitation max 549 nm, emission max 565 nm) was commixed with the PFC-NIR immediately prior to administration to provide a third mode of detection in the visible optical range.

The resulting PFC-NIR emulsion was further characterized as to the resulting average particle size distribution using a 1:20 dilution in 0.1 µm-filtered sterile water using dynamic light scattering on a Malvern Zetasizer. Serum stability was evaluated through comparison of particle size after incubation (in sealed glass vials at 37°C) of a 1:20 dilution in water (as above), DMEM (CellGro) and DMEM supplemented with 10% fetal bovine serum (FBS, CellGro). Particle size was followed throughout the experimental time course. Emulsion z-potential was measured using the same Zetasizer hardware and a -15.5 mV potential.

Spectral analysis of the reagent was performed on a 1:100 dilution in a Tecan fluorescence spectrophotometer. The correlation between the optical and ^19^F NMR signals was tested via serial dilution of reagent in water and consecutive measurement of fluorescence via the Odyssey Imager (Li-Cor) and ^19^F NMR (see below).

Cell lines
----------

Cell lines purchased from the American Type Cell Culture (ATCC) for use in these studies included 4T1, a murine breast carcinoma cell line, and RAW 264.7, a murine macrophage cell line. Cells were maintained in complete media (CM) consisting of DMEM (RAW 264.7 cells) or RPMI 1640 medium (4T1), supplemented with FBS, penicillin, streptomycin and L-glutamine (Lonza). For passaging 4T1 cells, 0.05% (w/v) trypsin / 0.53 mM EDTA solution in Hank's balanced salt solution (Mediatch, Inc.) was used to disrupt subconfluent monolayer cultures, which were subsequently washed by centrifugation prior to propagation or use in experiments.

Animals and tumor models
------------------------

Six to eight week old female (virus-free certified) BALB/c mice were purchased from Charles River Laboratories International Inc. and housed in the Duquesne University Animal Care Facility. Animals were maintained on Lab Diet 5015 (Purina). All the handling of animals was in accordance to protocols approved by the Duquesne University Institutional Animal Care and Use Committee. 4T1 cells in the exponential growth phase (between passages 5 to 14) were harvested, washed and suspended in sterile saline at a concentration of 5 × 10^6^/mL. Using a 25 gauge needle, 0.5 × 10^6^ tumor cells in 0.1 mL DPBS were inoculated s.c. into the flank and mice were used when tumor size reach about 0.5 cm^2^ (approximately 1 week after inoculation).

In vivo fluorescent imaging
---------------------------

Mice were anesthetized under 3% (v/v) isoflurane for the following procedures. The hair on the ventral side was shorn to minimize interference with fluorescent imaging. Two-hundred µL of the PFC-NIR nanoemulsion was injected via the tail vein into 4T1-tumor bearing mice and non-tumor bearing controls. Animals were closely observed for any toxicity or adverse effects following the administration of the novel contrast agent. Prior to the injection of the contrast agent and at predetermined time points up to 72 hours, mice were scanned using a Pearl Impulse Imager (Li-Cor, Inc.) at a resolution of 170 µm. The fluorescent signal from NIR probe was quantified by the Li-Cor Pearl Impulse software.

Ex vivo fluorescence imaging of tissues and quantification
----------------------------------------------------------

At the end of in vivo NIR imaging sessions, mice were sacrificed and the tumor tissue and major organs (liver, spleen, kidneys, lungs, heart, brain and lymph nodes) were excised and fixed in 10% formalin solution. The NIR signal from excised tissues was then measured with an Odyssey Imager (Li-Cor, Inc.) with an intensity of 0.5 and a focal distance of 3.5 mm. Signal intensity was quantified by the Li-Cor Odyssey software. Background levels were established by those measured in organs from mice which did not receive contrast agent. Controls included tumor-bearing mice which did not receive the contrast agent as well as tumor-free mice which did receive the contrast agent.

Ex vivo NMR of intact tissues and quantification
------------------------------------------------

Following fluorescence analyses, tissues were weighed and placed intact into 10 mm NMR tubes (Wilmad Labglass) with PBS and deuterium oxide (Arcos Organics, for instrumentation locking). Tissue material was restricted to a length in the NMR tube that fit entirely into the homogeneous field region of the NMR spectrometer. A sealed, chemically shifted external reference compound (Celsense, Inc.) was added to each tube for quantification purposes. One dimensional ^19^F NMR spectra were obtained on a Bruker Avance 500MHz system, with a 10 mM BBO dual-nuclei tunable probe, using a delay time of 5 seconds and 256 averages. Data collection was automated using a sample changer and Topshim (Bruker Biospin) software. Lymph nodes were processed similarly, but in 5mm NMR tubes (Wilmad Labglass), and run using the appropriate probe, a delay time of 5s and 64 averages. Resulting spectra contained a peak at approximately -76 ppm for the reference and -92 ppm for the PFC contrast agent. ^19^F content in each tissue (or cell pellet, see below) was calculated by comparing the relative signal intensity of the two peaks and normalizing to the known fluorine content of the reference as previously described.[@R34]

MRI
---

MRI was performed post-mortem using a Bruker Biospec AV3 7-T/21-cm system (Bruker Biospin MRI) and a 72-mm birdcage coil with a tuning range spanning 282 to 300 MHz (^19^F to ^1^H resonance frequencies, respectively). Two mice were imaged in the same session. Mice were placed side-by-side and positioned in the magnet. Following ^1^H pilot scans, the RF coil was retuned and the resonance frequency was adjusted to the PFC signal. Mice were first imaged using a Rapid Acquisition with Relaxation Enhancement (RARE) sequence and a coronal geometry with a slice thickness spanning the mice (TR/TE = 2000/7 ms, RARE factor = 16, 80 × 80 mm FOV, 256 × 256 matrix and 25 mm slice thickness, NA = 32). This projection image confirmed signal intensity and location. Mice were then imaged using a 3D RARE with 0.5 mm isotropic resolution (TR/TE = 1000/6.5 ms, RARE factor = 16, 80 x 64 x 32 mm FOV, 160 x 128 x 32 matrix, NA = 32). For anatomical reference, a ^1^H 3D RARE with the same FOV was also collected (TR/TE = 100/7.5, RARE factor = 4, 80 × 64 × 32 mm FOV, 320 × 256 ×128 matrix, NA = 2). Since the resonance frequencies were precisely centered on the water and PFC resonances, ^19^F and ^1^H anatomical images were co-registered without additional image processing. The ^19^F images were rendered in color ("hot-iron" LUT, ParaVision 5.1). ^19^F/^1^H composite images were generated using Adobe Photoshop CS3 by selecting pixels containing ^19^F signal and overlaying them on the ^1^H anatomical images.

PFC-NIR uptake and viability studies
------------------------------------

RAW 247.1 cells (passage 3--7) and 4T1 cells were seeded at approximately 10^4^ per cm^2^. Following an adaptation time, the PFC-NIR agent was directly added to the culture media, and cells were incubated at 37°C, 100% relative humidity and 5% CO~2~. Finally, excess reagent was washed out, cells were trypsinized, washed and viability was assessed by Trypan blue exclusion and light microscopy or by flow cytometry (see below).

The uptake of the PFC-NIR agent by cells was assessed by flow cytometry (see below). For adherent 4T1 cells, PFC-NIR uptake was also assessed using quantitative NMR spectroscopy of lysed cell pellets, similar to the tissue methods described above.

Flow cytometry--Viability studies
---------------------------------

After labeling with PFC-NIR, cells were washed in FACS buffer (BD Bioscience) then incubated with calcein AM (Invitrogen) and a 1:10 dilution of 7-AAD (BD Biosciences) for 15 min in the dark at 4°C prior to analysis by flow cytometry.

Flow cytometry--Label uptake and detection of PFC-NIR
-----------------------------------------------------

Flow cytometry was performed using a modified BD FACSCalibur acquisition system, effectively using a long-pass filter in the fourth channel (633 nm excitation) which allowed for the specific detection of the PFC-NIR probe in channel FL4.

Flow cytometry--Tumor digestion and multicolor analysis
-------------------------------------------------------

Seventy-two hrs after mice were administered the triple-mode contrast agent (PFC-NIR-Red) or vehicle control, tumors were mechanically separated and enzymatically digested in 10 mg/mL Type I collagen (Sigma) in HBSS for 1.5 hours at 37°C, then sieved through a 70 µm cell strainer and washed in PBS to generate single-cell suspensions. The following antibodies and secondary detectors were used (all from eBioscience): FITC-conjugated or biotinylated anti-Gr-1 (Ly6C, clone RB6--8C5), FITC-conjugated anti-F4/80 (clone BM8), biotinylated anti-CD11b (clone M1/70), FITC-conjugated rat isotype controls and streptavidin-PerCP (BD Biosciences). All incubations were performed on ice in the dark. To prevent non-specific Fc receptor binding, cells were incubated with anti-mouse CD16/CD32 antibodies (clone 93, eBioscience) for 10 min prior to the addition of other antibodies (used at 10 µg/mL), without an intervening washing step. Primary antibodies were incubated with cells for 20 min, cells were washed twice in FACS buffer, and then streptavidin-PerCP was added for additional 20 min. Cells were finally washed twice and analyzed by flow cytometry. The red fluorescence of the PFC-NIR-Red was detected in the FL2 channel, while FL1 and FL3 were used to detect the FITC and PerCP signals, respectively.

Microscopy analysis of tissue sections
--------------------------------------

Tumors were fixed in 4% paraformaldehyde, placed in OCT media, snap frozen in liquid nitrogen and stored at −80°C. Cryostat sections (5 μm) were then generated, mounted on glass coverslips and observed using a Olympus Fluoview 1000 confocal microscope (software version 1.7a). Further processing or staining lead to significant decreases in the PFC-NIR signal, confounding image interpretation (data not shown).

Statistical analysis
--------------------

Student's t*-*tests were used to make comparisons between groups. p values \< 0.05 were considered significant. Unless otherwise specified, error bars in all figures represent the standard deviation of the mean (SEM).

Supplementary Material
======================
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7-AAD

:   7-aminoactinomycin D

AU

:   arbitrary unit

DLS

:   dynamic light scattering

FBS

:   fetal bovine serum

FITC

:   fluorescein isothiocyanate

MDSC

:   myeloid-derived suppressor cell

MFI

:   mean fluorescence intensity

MRI

:   magnetic resonance imaging

NIR

:   near infrared

NMR

:   nuclear magnetic resonance

PDI

:   poly dispersity index

PerCP

:   peridinin chlorophyll protein complex

PFC

:   perfluorocarbon

RES

:   reticuloendothelial system

SPIO

:   superparamagnetic iron-oxide
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